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Porous Al2O3-based ceramics were fabricated from powders synthesized via a solution combustion process using starch 
and urea as fuels. Effects of the relative fuel-to-oxidant ratio (φe = 1.4, 1.6, 1.8 and 2.0, respectively) on open porosity, pore 
size distribution and flexural strength of the as-prepared porous Al2O3-based ceramics were investigated. Experimental 
results revealed that the densification ability of the as-synthesized powders increased significantly as φe increased, and 
open porosity, pore size distribution and flexural strength of the porous ceramics exhibited remarkable dependence on the 
densification ability of the powders instead of the weight fraction of the charred organic residuals in the powders. SEM 
micrographs disclosed that the porous ceramics from the precursors with φe = 1.8 or 2.0 exhibited significantly homogenous 
microstructures including pore size and pore distribution.
intrOduCtiOn
  porous ceramics have attracted increasing attention 
due to their wide applications in many industrial areas, 
such as catalyst carriers, membrane supports, filters and 
biomaterials  [1-4].  these  applications  usually  require 
that  porous  ceramics  have  many  excellent  properties 
concerning  microstructures,  porosity  and  mechanical 
strength, etc. [5]. thus, many routes, e.g., freeze casting 
[6-8],  gelcasting  [9,  10],  ice  templating  [11,  12]  and 
starch consolidation casting [13, 14] were explored to 
regulate the properties of porous al2O3 ceramics. at the 
same time, some novel precursors for al2O3 powders and 
nanometer alumina were employed to fabricate porous 
al2O3 ceramics. For example, dried boehmite gel [15], 
al(Oh)3 [16,17],  al2O3 sol [18] and nanometer alumina 
[19]
 were used to prepare porous al2O3 ceramics. it has 
been  shown  that  the  starting  materials  play  a  crucial 
role in enhancing the properties of porous al2O3-based 
ceramics.  thus,  preparation  of  appropriate  precursors 
is  essential  to  tailor  properties  of  porous al2O3-based 
ceramics.
  Solution combustion synthesis, a novel wet chemi-
cal method, has many advantages including high sinter-
ability,  convenient  processing,  simple  experimental 
setup, significant time-saving and potential large-scale 
production, etc [20, 21]. So many investigations were 
carried out to synthesize al2O3 powders using the solution 
combustion technique in recent years [22-25]. however, 
fabrication of porous al2O3 al2O3-based ceramics from 
the combustion synthesized powders was not reported in 
the above-mentioned papers.
  in the present work, porous al2O3-based ceramics 
with homogenous microstructures concerning pore size 
and  pore  distribution  were  fabricated  from  solution 
combustion synthesized powders. Furthermore, effects 
of  the  relative  fuel-to-oxidant  ratio  of  the  precursors 
on properties of the as-fabricated porous ceramics were 
investigated.
experimentaL
Combustion synthesis
  reagents used in the present work are analytically 
pure and no further purification was made. powders for 
the porous ceramics were synthesized via a solution com-
bustion  route  using  al(nO3)3·9h2O,  mg(nO3)2·6h2O 
as  oxidants,  and  urea  (CO(nh2)2)  and  soluble  starch 
((C6h10O5)n) as fuels. it is worth noting that the precur-
sors  were  designed  to  containing  additional  5  mol% 
mg(nO3)2·6h2O  to  achieve  homogenous  microstruc-
tures concerning pore size and al2O3 grain size.
  a typical experimental procedure was as follows: 
First, 0.10 mole al(nO3)3·9h2O, 0.005 mg(nO3)2·6h2O 
and 0.25 mol urea were dissolved into 50 ml deionized 
water, followed by adding soluble starch (4.06, 6.09, 8.12 
and 10.15 g, respectively) into the solutions preheated 
to 70°C. Subsequently, the solutions were vaporized at 
60°C  under  magnetic  stirring  until  gels  were  formed. 
then the aqueous mixtures were heated in a domestic 
microwave  oven  using  its  maximum  power  (800 w). 
under  microwave  irradiation,  the  aqueous  precursor 
boiled, swelled, evolved a large amount of gases and Fabrication of porous Al2O3-based ceramics using combustion synthesized powders
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finally ignited, yielding foam-like powders. Finally, the 
powders were dry-milled for 1 h in a planetary ball mill 
using zirconia ball as milling media at a rotation speed of 
200 rpm.
  to  explain  the  redox  properties  of  the  aqueous 
precursors,  the  relative  fuel-to-oxidant  ratio  (φe)  [26] 
was used and calculated using the following equation:
(1)
where m is the mole number of C6h10O5, i.e., the mono-
mer of starch in four precursors, 0.25, 0.10 and 0.005 
are  the  mole  number  of  CO(nh2)2,  al(nO3)3·9h2O 
and  mg(nO3)2·6h2O  in  the  precursors,  respectively. 
noted that φe is determined by dividing the sum of total 
valences of oxidizing elements and reducing elements in 
the fuels (e.g., urea and starch) by that in the oxidants 
(e.g., al(nO3)3·9h2O and mg(nO3)2·6h2O). in this type 
of calculation, oxygen is the only oxidizing element and 
has  a  negative  valence,  carbon,  hydrogen,  and  metal 
caions are reducing elements and have positive valences, 
and  nitrogen  is  considered  as  neutral  and  has  a  zero 
valence [26]. For the purpose of convenient and lucidity, 
the valences of O, n, h, C, al and mg elements in fuels 
and/or oxidants are expressed as (-2)O, 0N, 1  H, 4  C, 3Al and 
2Mg, respectively, as shown in equation 1.
  a redox mixture is considered to be stoichiometric 
when φe = 1, fuel lean when φe > 1 and fuel rich when φe 
< 1. theoretically, a stoichiometric redox mixture could 
produce maximum energy during combustion and thus 
lead to the highest flame temperature. Furthermore, if φe 
> 1 or φe < 1, as φe increases or decreases, combustion 
reactions  would  become  more  incomplete,  thus  flame 
temperature  would  become  lower  and  more  charred 
organic materials would be produced [26].
  in this work, φe of four precursors is designed as 
1.4, 1.6, 1.8 and 2.0, respectively. hereinafter, the four 
as-fabricated  powders/ceramics  are  termed  powder/
ceramics a, b, C and d, respectively.
Fabrication and characterization
of porous ceramics
  the as-prepared powders were granulated in a agate 
mortar using pVa (8 wt%) as binder and subsequently 
sieved through a 40-mesh screen. then the powders were 
bidirectionally pressed into rectangular specimens with 
the size of 70.0 mm × 10.0 mm× 10.0 mm under the 
pressure of 50 mpa. after drying at 50°C for 12 h, the 
compacts were heated up to 1000°C at a heating rate 
of 1.0°C min
-1 and then to 1400°C at a heating rate of 
2.0°C min
-1 in air, followed by soaking for 2 h at the peak 
temperature.
  ignition losses of the combustion-synthesized pow-
ders were determined by annealing them at 1000°C for 
2 h. water absorption, open porosity, bulk density of the 
porous  ceramics  were  determined  by  the archimedes 
method using distilled water as liquid medium. Linear 
firing  shrinkage  was  simply  calculated  by  measuring 
the length of the specimens before and after sintering. 
Flexural strength was tested via a three-point bending test 
(atOgraph ag-i, Shimadzu) with a support distance 
of 30.0 mm and a cross-head speed of 0.50 mm/min. 
the crystalline phases were identified using an x-ray 
diffractometer (xrd, d8 advance, brucker, germany), 
equipped  with  a  ni-filtered  Cu  Kα  radiation  source 
(λ = 0.154178 nm). the microstructures of the porous 
ceramics were characterized with a field emission scan-
ning  electron  microscope  (FeSem,  Sirion  2000,  Fei, 
netherlands). pore size distribution was determined with 
mercury  porosimetry  (poremaster-60,  Quantachrome, 
uSa). 
reSuLtS and diSCuSSiOn
xrd analysis
  Figure  1  shows  the  xrd  patterns  of  crystalline 
phases  of  the  sintered  ceramics  from  the  combustion 
synthesized powders a and d. as shown in Figure 1, 
the  characteristic  peaks  of  the  a-al2O3  (corundum, 
JCpdS 46-1212) were indexed in the two patterns. in 
addition, a small amount of mgal2O4 (JCpdS 21-1152) 
were also identified, as a result of addition of 5 mol% 
mg(nO3)2·6h2O  to  the  precursors.  therefore,  it  was 
concluded that al2O3 ceramics with spinel phase were 
successfully  fabricated  from  the  combustion  synthe-
sized powders.
properties of porous ceramics
  the  ignition  losses  (iL)  of  combustion-produced 
powders and properties of the as-prepared ceramics are 
summarized in table 1. as can be seen from table 1, 
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Figure 1.  xrd patterns of crystalline phases of porous al2O3-
based ceramics a: (a) and d: (b) from precursors with φe equal 
to 1.4 and 2.0, respectively.
ϕe
m×{6·4C+10·1H+5·(-2)O}+0.25·{(1×4C+1·(-2)O+2(1·0N+2·1H)}
(-1){0.10·{1·3Al+3(1·0N+3·(-2)N)}+0.005·{1·2Mg+2(1·0N+3·(-2)O)}}
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the combustion synthesized powders all exhibited con-
siderable ignition losses. moreover, the ignition losses 
of the powders increased from 11.3 wt.% to 49.6 wt.% as 
φe of the precursors rose from 1.4 to 2.0, indicating that a 
large amount of (partly) charred organic materials were 
produced during combustion owing to the incomplete 
redox  reactions  of  metal  nitrate  to  fuels.  meanwhile, 
when φe rose from 1.4 to 2.0, water absorption (w.a.) 
and  open  porosity  (O.p.)  of  the  as-prepared  ceramics 
decreased from 34.6 % and 60.1 % to 12.0 % and 31.0%, 
respectively, while bulk density (b.d.) and the relative 
density  (r.d.)  of  the  al2O3-based ceramics  increased 
from 1.7 g cm
-3 and 43.5 % to 2.6 g cm
-3 and 64.3 %, 
respectively.  moreover,  the  linear  firing  shrinkage 
(L.F.S) of the porous ceramics increased from 12.2 % to 
33.2 % as φe ascended from 1.4 to 2.0, implying that the 
densification ability of the as-synthesized powders was 
remarkably increased as φe     rose. the flexural strength 
(F.S.) of the porous ceramics increased from 2.1 mpa 
to 7.3 mpa when φe arose from 1.4 to 1.8, which was 
mainly ascribed to the increasing degree of densification.
  generally, voids are formed in porous ceramics as 
organic materials are burned out at high temperatures. 
thus,  it  was  expected  that  more  charred  organic 
residuals in the as-synthesized powders would lead to 
larger open porosity of the as-prepared porous al2O3 -
based  ceramics.  however,  the  degree  of  densification 
of the porous ceramics was remarkably increased and 
their open porosity was markedly decreased, though the 
ignition losses of the combustion-synthesized powders 
increased sharply as φe rose. therefore, open porosity of 
the porous ceramics was mainly dependent on the den-
sification ability of the combustion-synthesized powders 
instead  of  the  weight/volume  fraction  of  the  charred 
organic residuals in the powders. moreover, according 
to the trend in evolution of open porosity and the linear 
firing shrinkage of the porous ceramics listed in table 
1, it could be inferred that the densification ability of 
the combustion produced powders is sharply increased 
with φe rising. Since the redox precursors become fuel 
leaner when φe increases from 1.4 to 2.0, combustion 
reactions would become more incomplete. as a result, 
the flame combustion temperature would be lowered and 
more charred organic materials were produced in the as-
prepared powders [26]. therefore, the reactivity of the 
as-synthesized powders became higher as φe increased. 
hence, open porosity and water absorption of the porous 
ceramics decreased as φe increased.
pore size distribution
  Figure 2 depicts the pore size distribution of the 
porous  al2O3 -based  ceramics  from  the  combustion 
synthesized powders. as shown in Figure 2, the peak 
of the pore size distribution moved forwards from 5.5 
μm to 0.25 μm as φe of the precursors increased from 
1.4 to 2.0. in addition, the pore size distribution of the 
porous al2O3 -based  ceramics  become  much  narrower 
with φe  rising. this trend in evolution of the pore size 
distribution was, at least partly, attributed to the fact that 
the degree of densification of the porous al2O3 -based 
ceramics increased as φe rose from 1.4 to 2.0.
Sem microstructures
  Figure 3 shows the Sem micrographs of the fracture 
surfaces of the porous ceramics a, C and d. as shown 
in Figure 3, a large number of pores were all observed 
on the fracture surfaces of the three porous al2O3 -based
ceramics. however, there were still remarkable differen-
ces  in  the  microstructures  of  the  porous al2O3 -based 
ceramics. For the porous ceramics a, there were a larger 
amount of submicron-sized pores on its fracture surfaces 
as well as a little larger pores with their diameters in the 
range  of  1.5~5  μm.  however,  the  volume  fraction  of 
these larger pores was far less, as shown in Figure 3a, 
so they were not presented in the pore size distribution 
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Figure 2.  pore size distribution of porous al2O3-based cera-
mics a, b, C and d from precursors with φe equal to 1.4, 1.6, 
1.8 and 2.0, respectively.
table 1.  properties of the combustion synthesized powders and the porous al2O3-based ceramics
      iL  L.F.S.  w.a.  O.p.   b.d.   F.S.
  Ceramics  φe  (wt%)  (%)  (%)  (%)  (g cm
-3)  (mpa)
  a  1.4  11.3  12.2  34.6±1.4  60.1 ±3.5  1.7±0.1  2.1 ±0.3
  b  1.6  19.9  15.2  32.0±1.0  57.1±2.1  1.8±0.1  3.5 ±0.5
  C  1.8  38.3  24.3  23.9±2.2  48.2±3.8  2.0±0.1  7.3±0.7
  d  2.0  49.6  33.2  12.0±1.1  31.0±1.6  2.6±0.1  –Fabrication of porous Al2O3-based ceramics using combustion synthesized powders
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shown in Figure 2. at the same time, the average pore 
size of the ceramics C and d were much smaller than that 
of ceramics a. moreover, pore size and pore distribution 
of the former was much more homogeneous as compared 
with the latter. the average pore size and porosity of the 
ceramics C were remarkably smaller than those of the 
ceramics d, agreing well with the pore size distribution 
shown in Figure 2, though the microstructures of the 
ceramics  C  and d  were  somewhat  similar. as  shown 
in  Figure  3a,b  (there  were  considerable  porous  grain 
agglomerates on the fracture surfaces of the ceramics 
a.  the  grain  agglomerates  appeared  to  be  relatively 
Figure 3.  Sem micrographs of the fracture surface of porous al2O3-based ceramics. (a, b), (c, d) and (e, f), porous ceramics a, C 
and d from precursors with φe equal to 1.4, 1.8 and 2.0, respectively.
a)
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d)
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isolated  by  pores,  and  the  connections  between  these 
agglomerates  were  much  weaker.  On  the  contrary,  as 
presented  in  Figure  3c-f,  most  grains  were  integrated 
into a net-like structure and no appreciable grain agglo-
merates were observed in the porous ceramics C and d. 
nevertheless, the contacts of grains within agglomerates 
in the ceramics a exhibited no appreciable difference 
from  those  in  the  ceramics  C  and  d.  thus,  weaker 
connections between the agglomerates as well as higher 
porosity  and  larger  average  pore  size  were  mainly 
responsible for the lower flexural strength of the porous 
ceramics a, as compared with the ceramics C.
COnCLuSiOnS
  porous al2O3 ceramics containing spinel phase were 
successfully  fabricated  from  the  powders  synthesized 
via a combustion route using urea and starch as fuels. 
the densification ability of the as-synthesized powders 
increased  significantly  as  the  relative  fuel-to-oxidant 
ratio of the precursors rose from 1.4 to 2.0. Open porosity 
and the average pore size decreased, bulk density and 
flexural  strength  of  the  porous  al2O3 -based  ceramics 
increased, though the ignite losses of the as-synthesized 
powders  became  larger  as  φe  rose.  Open  porosity, 
pore  size  distribution  and  the  flexural  strength  of  the 
porous  ceramics  exhibited  remarkable  dependence  on 
the densification ability of the combustion-synthesized 
powders instead of the weight fraction of the charred 
organic materials in the powders. in addition, the porous 
ceramics C and d exhibited significantly homogeneous 
microstructures  including  pore  distribution  and  pore 
size.
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